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based on harmonic frequency calculations. Al- 
though these cyclic clusters all have multiple 
CkH vibrational bands, the most intense ones 
for each cluster size (the ring stretches) are close 
in frequency and thus merge into a single band, 
which is particularly intense. Indeed, ab initio 
calculations show that the intensities of the G H  
modes associated with less symmetric struc- 
tures, in which the molecules are inequivalent, 
are much smaller than for the cyclic structures 
(26). Analogous effects were observed in the 
case of the linear chains of HCN (27), where the 
most redshifted C-H stretches have the highest 
intensity. The application of a large electric field 
has no influence on this band, which further 
supports the cyclic structure. In contrast with the 
polar chains of HCN reported previously (28), 
for which an electric field markedly sharpens 
and intensifies the spectrum, the equilibrium 
geometry for the cyclic water hexamer is non- 
polar and no such effect is expected. The cyclic 
tetramer is also nonpolar, and although the cy- 
clic trimer and pentarner have polar equilibrium 
structures, vibrational averaging yields an effec- 
tive dipole moment of zero (29). 

Having established that the water mole- 
cules insert into a preexisting hydrogen- 
bonded ring of smaller size, the continuation 
of this growth pattern naturally leads to the 
formation of a cyclic hexamer. The path be- 
tween this hexamer and the cage will involve 
a great deal of hydrogen bond rearrangement, 
which we expect will be difficult in liquid 
helium (see Fig. 1). Apparently, there is not 
enough energy available to the system to 
reach the three-dimensional cage. Several 
other local minima lie lower in energy than 
the cyclic hexamer (26). Thus, we have not 
simply formed the next higher energy isomer 
of the hexamer but rather have used this 
growth process to steer the system kinetically 
to this specific structural isomer. 

Despite considerable effort, we found no 
evidence for the cyclic heptamer in the heli- 
um spectra. At the present time, we are un- 
sure whether this means that the cyclic hep- 
tamer is not stabilized by the helium or if the 
frequency shift between this species and the 
cyclic hexamer is simply too small to permit 
us to resolve the corresponding peaks. We 
note that there is a weak band further to the 
red (indicated by the question mark in Fig. I), 
which could be due to either a small amount 
of cage.hexamer that has managed to rear- 
range or the heptamer in a cage form. Further 
ab initio calculations on both the cyclic and 
cage forms of the heptamer will be helpful in 
determining what happens with the larger 
water clusters grown in helium. 

These experiments show that growth in liq- 
uid helium can provide access to different struc- 
tures than those obtained from gas-phase nucle- 
ation, allowing us to explore at least some of the 
rich structural landscape that has been identified 
by theoretical calculations. The cyclic water 
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Distal Initiation and Active 

Propagation of Action 


Potentials in lnterneuron 

Dendrites 


Marco Martins,' lmre ~ i d a , *  Peter Jonas1* 

Fast and reliable activation of inhibitory interneurons is critical for the stability of 
cortical neuronal networks. Active conductances in dendrites may facilitate inter- 
neuron activation, but direct experimental evidence was unavailable. Patch-clamp 
recordings from dendrites of hippocampal oriens-alveus interneurons revealed high 
densities of voltage-gated sodium and potassium ion channels. Simultaneous re- 
cordings from dendrites and somata suggested that action potential initiation 
occurs preferentially in the axon with long threshold stimuli, but can be shifted t o  
somatodendritic sites when brief stimuli are applied. After initiation, action po- 
tentials propagate over the somatodendritic domain with constant amplitude, high 
velocity, and reliability, even during high-frequency trains. 

y-Aminobutyric acid (GABA)-containing in- feedback and feedforward inhibition (2), set 
terneurons control the activity of cortical neu- the threshold for initiation of axonal Nat 
ronal networks (1). Interneurons mediate action potentials and dendritic Ca2+ spikes in 

principal neurons (3),and participate in the 
generation of osci l la tor~a c t i v l t ~( I )In

~ ~ h y ~ i o ~ o g ~ ~ c ~ e ~institut der Universit lt Freiburg, 
2Anatomisches lnstitut der Universi t l t  Freiburg, many circuits, interneurons operate as co- 
D-79104 Freiburg, Germany. incidence detectors or relays that are acti- 
*To whom correspondence should be addressed. E- vated with very short delay by a small 
mail: jonasp@ruf.uni-freiburg.de number of principal neurons (5).The mech- 
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Fig. 1. Interneuron dendrites 
are the sites of synaptic input 
and axonal output (A) Infrared 
differential interference con- 
trast video image of a dendrite 
of an oriens-alveus intemeuron. 
The patch pipette is placed at a 
distance of 75 pm from the 
center of the soma. (B) Soma- 
tostatin immunoreactivity of a 
biocytin-filled oriens-alveus in- 
temeuron shown by fluores- 
cent double labeling. (C) Cam- 
era lucida reconstruction of a 
biocytin-filled oriens-alveus in- 
terneuron. Axon, red sorna and 
dendrites, black Str. 1-m., stra- 
tum lacunosum-moleculare; 
str. rad., stratum radiatum; str. 
pyr., stratum pyramidale; str. 
ori., stratum orienr (D) Histo- 
gram of the distance of the 
axon initial segment (AIS) from 
the center of the soma. Sub., 
subiculum. (E) Electron micro- 
photograph of synapses on the 
axon-bearing dendrite of an 
oriens-alveus intemeuron (65 

8 0 4 0 0 4 0 8 0  
Sub.+ Soma -b CA3 

Distance of AIS (pn) 

sb. rad., *dJp 
DiBt Pmx. Soma Pmx. Dbt 

from the soma). D, den- 
drite; s, spinelike structure; bl, CABA-immunopositive bouton; b2, GABA-immu- bars, two cells) on five selected regions of oriens-alveus intemeurons. Distal 
nonegative (putative excitatory) bouton. Arrowheads indicate synaptic clefts. (F) dendrites are 2100 pm from the sorna, and proximal dendrites are 565 pn 
Density of all synapses (three cells) and GABAergic synapses (solid portions of from the soma. Error bars represent SEM. 

Fig. 2. Active conductances A 
in dendrites of oriens-alveus 
interneurons. (A) Na+ and 
K+ currents in a dendritic 
outside-out patch. Current in 
control conditions, in the 
presence of 500 nM external 
TTX, and Na+ current ob- 
tained by digital subtraction. 
Prepulse is to -120 mV (50 
ms), and test pulse is to -10 
mV. (B) Na+ (solid symbols 
and continuous lines) and K+ 

dendrite (55 q )  C dendrii (65 prn) 1, E dendrite (85 prn) , 

m 
(open symbols and dashed 30 rns 

-80 5 0  -40 -20 0 -80 -40 0 40 80 
lines) current densities (I,, V (mv) v (mv) 
and I,, respectively), calcu- B 

120 - D 
1.2 dendrite (55 q )  

lated from maximal inward 
or outward current at -10 

0 

100 . 
mV (15) and plotted against 
distance from the center of 2 80 . 0 

8 0.8 60 rns 
the soma (positive values in- 
dicate the axon-bearing den- $ 60 ' 

0 

0 
oo o o o  

drite). Four patches in which = 
40 ' -ofpP_---l--~-i--*---- 0.4 neither Na+ nor K+ current 

could be evoked (probably due 
- 20 . *: I 0,2 

to vesicle formation) were ex- . - 
0 :  

10 rns 
cluded. (C) Na+ channel acti- 
vation curves. Solid syrnbols, -80 -40 0 40 80 0 5 10 15 20 25 30 Axon-lacking Soma Axon-bearing 

dendritic channels (1 1 patch- Dlstance from soma (pm) Time interval (ms) 

es); open syrnbols, somatic axon-bearing dendrite 

channels (6 patches). P,,, Na+ 
permeability; P,, ,, maximal Na+ permeability; V, voltage. lnset show corre- patches in both cases). G,, K+ conductance; G, ,, maximal K+ conductance. 
sponding Na+ currents in dendritic outside-out patch. Data were Vied with lnset show corresponding K+ outward currents in dendritic outside-out patch. 
Boltmann functions raised to the third power (midpoint potentials are -45.6 Data were fitted with Boltzrnann functions raised to the fourth power (midpoint 
and -37.8 mV, respectively). Prepulses are to - 120 mV (50 rns). Error bars in (C) potentials are - 15.3 and - 15.6 mV, respectively). (F) Effect of 10 mM TEA on 
through (F) represent SEM. (D) Recovery of Na+ channels from inactivation. The patches from the axon-lacking dendrite, sorna, and axon-bearing dendrite (5,6, 
30-ms pulses are to -10 mV; the interpulse potential is -120 mV. lnset shows and 8 patches, respectively). The 100-ms pulses are to  70 mV. I,,,, peak 
corresponding Na+ inward currents during first and second pulse for interpulse K+ current in the presence of TEA; I, ,,,, total Kf current in control 
intervals <I0 ms. Line represents the exponential function Vied to the data conditions. The ratio of steady state to  peak current was 0.75 + 0.05 
points (time constant of 5.1 ms, five dendritic patches). (E) K+ channel activation (dendrite) and 0.66 -+ 0.07 (soma) in the control and 0.52 + 0.07 
curves Solid syrnbols, dendritic channels; open syrnbols, somatic channels (12 (dendrite) and 0.48 + 0.12 (soma) in 10 mM TEA. 
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anisms that underlie the speed and efficacy of 
interneuron activation have not been deter- 
mined yet. One possible factor is the rapid time 
course and the large amplitude of the a-amino- 
3-hydroxy-5-methyl-4-iso~a~01epropionic acid 
receptor-mediated conductance at principal 
neuron-interneuron synapses (6). Theoretical 
considerations, however, indicate that the prop- 
erties of excitatory input are insufficient to ex- 
plain fast and reliable input-output transforma- 
tion and suggest the presence of active conduc- 
tances in interneuron dendrites (7). 

To address whether interneuron dendrites 
are active, we recorded from the dendrites of 
horizontal oriens-alveus interneurons of the 
hippocampal CAI region (Fig. 1A) (8-10). We 
first examined the morphology of these inter- 
neurons, using biocytin as an intracellular 
marker. All interneurons examined were immu- 
nopositive for somatostatin, suggesting that 
they represented a neurochemically homoge- 
neous population (10 neurons) (Fig. 1B) (1, 8). 
In most cells, the axon originated from one of 
the dendrites, up to 1 10 Fm from the soma, and 
often terminated in stratum lacunosum-molecu- 
lare (105 neurons total) (Fig. 1, C and D) (ll), 
consistent with previous descriptions (8). Elec- 
tron microscopy combined with GABA immu- 
nostaining indicated that dendrites were densely 
covered with excitatory and inhibitory synapses 
(Fig. IE). Quantitative analysis revealed that 

the density of synapses per surface area in- 
creased from the soma to the distal dendrites 
(Fig. IF). These results suggest that the den- 
drites of oriens-alveus interneurons have a dual 
role, operating as sites for synaptic input and 
axonal output. 

To examine whether the dendrites of 
oriens-alveus interneurons contained voltage- 
gated conductances, we isolated outside-out 
patches from different regions of the soma- 
todendritic domain (Fig. 2) (12). In all cases, 
the location of the axon initial segment was 
determined by subsequent staining. Voltage 
pulses to - 10 mV evoked a fast Na+ inward 
current that was blocked by 500 nM tetrodo- 
toxin (TTX) (Fig. 2A), followed by a slower 
K+ outward current that was reduced by 1 or 
10 mM tetraethylammonium (TEA) or 3 mM 
4-aminopyridine in dendritic and somatic 
patches. Conductance densities for Na+ and 
K+ were high and uniform over the somato- 
dendritic domain, with no significant differ- 
ences between the soma, axon-bearing den- 
drite, and axon-lacking dendrite (P > 0.2; 53 
dendritic and 27 somatic patches) (Fig. 2B). 

We next compared the gating properties of 
dendritic and somatic channels. The midpoint 
potential of Na+ channel activation was more 
negative in dendritic patches (Fig. 2C) (13). 
The time constant of recovery of Na+ channels 
from inactivation was fast, independent of lo- 

cation [5.1 ms for dendritic patches (Fig. 2D) 
and 5.3 ms for three somatic patches]. The 
midpoint potential of K+ channel activation 
was almost identical in dendritic and somatic 
patches (Fig. 2E). Both TEA-sensitive sus- 
tained currents and TEA-resistant A currents 
were present in oriens-alveus intemeurons (9). 
Unlike in principal neurons (14), however, the 
ratio of the two K+ current components was not 
significantly different between dendrite and 
soma (Fig. 2F). Thus, the functional properties 
of active conductances in dendrites and somata 
were relatively similar. 

The peak Na+ conductance density in 
oriens-alveus interneuron dendrites at -10 mV 
was 1 13 2 9 pS pn-2 (15), comparable to that 
in dendrites of mitral cells in the olfactory bulb 
(90 pS V - ~ )  (1 6) but about three times that in 
dendrites of cortical principal neurons (40 pS 
pap2) (1 7). This suggests that the processes of 
action potential initiation and propagation in 
oriens-alveus interneurons may differ from 
those in principal cells (1 7, 18). We therefore 
made simultaneous recordings from somata and 
dendrites (up to 1 10 pn from the soma) (Fig. 3) 
(12). Sustained, low-intensity current injection 
evoked action potentials that were detected first 
at the dendritic site in 10 of 25 cells (Fig. 3A, 
top traces) and at the somatic site in 15 cells 
(Fig. 3A, bottom traces), independent of the site 
of injection. In all neurons, subsequent morpho- 

www.sciencemag.org SCIENCE VOL 287 14 JANUARY 2000 

Fig. 3. Multiple action poten- 
tial initiation sites in oriens- 
alveus intemeurons. (A) Si- 
multaneous current-damp 
(CC) recordings from a den- 
drite (red traces) and soma 
(black traces) in two different 
neurons (middle panel, top 
and bottom). First adion po- 
tentials in a train are shown 
on an expanded time scale in 
the right panel Schemes on - 
the left illustrate the locations 40 ms 

of axon initial segments as re- 
vealed by correlated morpho- 6 C 400 - 

Logical analysis. The depolariz- 
dendrite 300 - 

ing current (100 rns, 100 PA) 
was injected into the soma in 200 - 
both cases. (B) The initiation 
site, which was dose to the 
dendritic recording site with a 
long Low-intensity pulse (up- a 0 
per traces), was shifted toward 
the somatic recording site > E 
with a brief pulse of high in- dendrite E -100. 

tensity [I00 ps, 9 nA, corre- 
sponding to 1.2 times the -200 . 
threshold value (lower trac- 

.......... . . . . . . . . . 

es)]. In both cases, the cur- -300 - 

rent injection was made at 1 ms Long pulse Short pulse 
the soma. This is the same 
cell as shown in the upper panel of (A). (C) Summary graph of the swap- applied to  the nonpreferred site). Data from 16 simultaneous somatic and 
ping of action potential initiation from preferred to  nonpreferred sites. dendritic recordings and from 3 simultaneous recordings from opposite 
The plot shows the time difference between the peaks of action poten- dendrites at 22' to 2S°C. Red circles represent cells in which initiation shifted 
tials recorded simultaneously at two different locations for long low- toward the dendritic site; black triangles represent cells in which initiation 
intensity pulses (100 ms, 100 PA, applied to  the preferred site) and shifted toward the somatic site. Measurements from the same cell are 
brief high-intensity pulses (100 ~ s ,  9 nA, corresponding to 1.2 to  2.3 connected by lines. Qualitatively similar results were obtained at 33' to  
times the threshold stimulus intensity with the same pulse duration, 36OC (not shown). 
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logical analysis revealed that the site where the 
action potential was recorded earlier (the pre- 
femd site) was closer to the axon initial seg- 
ment (Fig. 3A, schemes on the left). This sug- 
gests axonal initiation, as described previously 
for neurons in the substantia nigra that show 
comparable morphology (19). However, when 
brief high-intensity stimuli were applied to the 
nonprefemd site, the temporal sequence of the 
action potentials was reversed (12 of 19 cells) 
or the delay between the action potentials was 
reduced (5 of 19 cells) (Fig. 3, B and C). Thus, 
for sustained low-intensity stimulation, the de- 
fault action potential initiation site appears to be 
the axon, whereas for brief high-intensity stim- 
ulation, the initiation site shifts to nonprefemd 
dendritic or somatic locations. 

Once initiated, action potentials propagate 
with high velocity and constant amplitude 
over the somatodendritic membrane of 
oriens-alveus interneurons (Fig. 4). The ratio 

Fig. 4 Active somato- 
dendritic propagation of 
action potentials and 
boosting of EPSPz (A) 
Active and passive ac- 
tion potential propaga- 
tion in the same oriens- 
alveus intemeuron. Up- 
per traces, dendritic 
(red) and somatic 
(black) action potential 
evoked by a current 
pulse (40 ms, 200 pA 
applied at the soma); 
Lower traces, dendritic 
response evoked by the 
previously recorded so- 
matic adion potential 
used as a vdta~e-damp 

between action potential amplitudes at the 
dendrite and the soma was close to unity 
(0.97 ? 0.01; 27 cells), almost independent 
of distance (Fig. 4B, open symbols) (2.0). The 
mean conduction velocity, determined from 
the distance between recording sites and the 
time difference between the peaks of the 
action potentials evoked by threshold stimuli, 
was 0.91 ? 0.13 m s-' (Fig. 4C, open bar). 
To assess the contribution of dendritic Na+ 
channels to the nondecremental and fast spike 
propagation, we used action potentials as so- 
matic voltage-clamp commands and recorded 
the resulting voltage changes at the dendrite 
(Fig. 4A, lower traces). In the presence of 500 
nM TTX, the amplitude of the dendritic volt- 
age signal was markedly attenuated (Fig. 4B, 
solid circles), and the conduction velocity 
was reduced to 0.24 ? 0.03 m s-I (Fig. 4C, 
solid bar). Thus, voltage-activated Na+ chan- 
nels mediate the active propagation of action 

(VC) comma4 in th'e D 
presence of 500 nM 
TTX (B) Ratio of den- 
dritic and somatic ac- 
tion potential (AP) am- 
plitudes plotted versus 
the distance from the 
soma for the axon- 
bearing dendrite (open 
circles and continuous 

potentials in intemeuron dendrites. In various 
types of neurons, the safety factor of soma- 
todendritic conduction is reduced during 
high-frequency stimulation (21). In contrast, 
in oriens-alveus interneurons, somatoden- 
dritic propagation was reliable for single ac- 
tion potentials and high-frequency trains 
(Fig. 4, D and E). The amplitude ratio of 
dendritic and somatic action potentials for the 
last spike evoked by 100-ms depolarizing 
current pulses was 0.97 ? 0.01 (27 cells), 
very similar to that for the first spike (P > 
0.5) (Fig. 4E). These results show that soma- 
todendritic propagation of action potentials in 
oriens-alveus interneurons is nondecremen- 
tal, fast, and reliable, even during high-fre- 
quency stimulation. Thus, dendritic propaga- 
tion in interneurons differs from that in cor- 
tical principal cells, where action potentials 
propagate with marked attenuation, low ve- 
locity (0.1 to 0.24 m s-I), and reduced reli- 

Distance from soma (pm) 

- 
control TTX 

line at 22O to 2S°C; tri- 
angles at 33' to 36OC) = 0.6 L and the axon-lacking 0.5 
dendrite (squares and 0 20 40 60 80 100 120 
dashed line at 22O to 3 ms Distance from soma (pm) 10 rns 
2S°C; inverted trian~les 
at 33O to 36OC). In &e 
control, the ratio is close to  unity, almost independent of location. In TTX, 
the ratio is smaller than unity and decreases with distance (solid circles and 
lower continuous line at 22O to 2S°C). Points at a distance of 0 p m  represent 
double-soma recordings. Mean somatic action potential amplitude is 115 + 
2 mV at 22O to  2S°C and 98 + 3 mV at 33' to  36OC. (C) Conduction 
velocities in active (open bar, 21 cells) and passive dendrites (solid bar, 4 
cells), determined from the time difference between the peaks of action 
potentials at two sites or from the time difference between the peaks of the 
somatic voltage-clamp command and the dendritic response, respectively. 
For the active conduction velocity, a subset of cells in which the axon 
originated outside the two recording sites was analyzed. Error bars represent 
SEM. (D) Somatodendritic action potential propagation during a spike train. 
Lower traces are expanded versions of the first and the last action potential 
in the train, recorded simultaneously at the dendrite and the soma (100-ms, 

100-pA pulse applied to  the soma). (E) Ratio of dendritic and somatic action 
potential amplitudes for the last action potential in a train evoked by a 
100-ms pulse, plotted against the distance of the dendritic recording site 
from the soma. Symbol codes are the same as in (B). Mean amplitude of last 
somatic action potential is 105 + 2 mV at 22' to 2S°C and 90 2 3 mV a t  
33' to  36OC. For the first (B) and last (E) action potentials, amplitude ratios 
at low and high temperature were not significantly different (P > 0.1 to  0.9). 
(F) Na+ channel-ediated boosting of EPSPs. Artificial EPSPs recorded at 
the soma of an oriens-alveus intemeuron, evoked by the injection of a 
dendritic current waveform with a rise time constant of 0.1 ms and a decay 
time constant of 1 ms. The peak current was increased from 0.133 to 2 nA 
in 0.133-nA steps. Upper traces were recorded in control conditions (action 
potentials in the last traces are truncated), and lower traces were recorded 
in the presence of 500 nM TTX in the bath. 
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ability during high-frequency trains (17, 21). 
Dendritic Na+ channels may boost synaptic 

events generated at distal dendritic locations 
{22). To test this hypothesis, we injected cur­
rents with time courses similar to those of ex­
citatory postsynaptic currents (artificial EPSCs) 
into the dendrite, and recorded the correspond­
ing voltage responses [artificial excitatory 
postsynaptic potentials (EPSPs)] at the soma 
(Fig. 4F). In control conditions, the relation 
between the EPSP and EPSC peak amplitudes 
was supralinear (seven cells). In contrast, in the 
presence of 500 nM TTX, the EPSP-EPSC 
relation was linear (four neurons), indicating 
that Na+ channels boost distal synaptic inputs 
(Fig. 4F). Boosting was slightly enhanced dur­
ing trains of artificial EPSCs; for 25-ms inter-
pulse intervals, the amplitudes of EPSPs in 
control conditions relative to those in TTX were 
110 ± 3% for the first and 124 ± 4% for the 
third EPSP (six cells) (amplitude of the first 
EPSP was 13.6 ± 1.2 mV). 

In conclusion, we have shown that voltage-
gated channels in dendrites of oriens-alveus 
interneurons mediate dendritic action potential 
initiation, active spike propagation, and boost­
ing of distal EPSPs. Dendritic action potential 
initiation ensures fast and reliable activation of 
oriens-alveus interneurons, which may be crit­
ical for the control of efficacy and plasticity of 
entorhinal inputs onto CA1 pyramidal neurons 
(8). Actively propagated dendritic action poten­
tials could be important for the induction of 
associative long-term changes in the efficacy of 
glutamatergic synapses on oriens-alveus inter­
neurons (23). Alternatively, actively propagated 
dendritic spikes may trigger GABA release 
from interneuron dendrites (24) or enhance 
dendrodendritic electrical coupling in interneu­
ron networks (25). Boosting apparently contrib­
utes to the marked paired-pulse facilitation of 
EPSPs of excitatory synapses on oriens-alveus 
interneurons (26). Whether the presence of ac­
tive dendritic conductances is a general proper­
ty of cortical interneurons, including those me­
diating perisomatic inhibition, remains to be 
addressed. 
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Regulation of Abscisic 
Acid-Induced Stornatal Closure 
and Anion Channels by Guard 

Cell AAPK Kinase 
Jiaxu Li, Xi-Qing Wang, Mark B. Watson, Sarah M. Assmann* 

Abscisic acid (ABA) stimulates stomatal closure and thus supports water con- 
servation by plants during drought. Mass spectrometry-generated peptide 
sequence information was used t o  clone a Vicia faba complementary DNA, 
AAPK, encoding a guard cell-specific ABA-activated serine-threonine protein 
kinase (AAPK). Expression in  transformed guard cells of AAPK altered by one 
amino acid (lysine 43 t o  alanine 43) renders stomata insensitive t o  ABA-induced 
closure by eliminating ABA activation of plasma membrane anion channels. This 
information should allow cell-specific, targeted biotechnological manipulation 
of crop water status. 

The hormone ABA regulates various processes 
in plants including responses to stressors such 
as drought, cold, and salinity (I). During 
drought, ABA alteration of guard cell ion trans- 
port promotes stomatal closure and prevents 
stomatal opening, thus reducing transpirational 
water loss. That this is a fundamental compo- 
nent of plant desiccation tolerance is indicated 
by the wilty phenotype of some ABA-insensi- 
tive mutants of Arabidopsis thaliana [dominant 
mutations abil-1 and abi2-1 (2)]. Conversely, 
the ABA supersensitive mutant, eral, shows 
enhanced drought tolerance (3). However, the 
abil-1, abi2-1, and eral phenotypes are pleio- 
tropic, showing altered seed dormancy (2, 3), 
for example, which indicates that these genes 
would not be ideal targets for biotechnological 
manipulations seeking specifically to regulate 
stomatal responses. 

Guard cells express an AAPK, which has 
Ca2 +-independent and ABA-activatedphospho- 
rylation activities (4). AAPK activity is detect- 
ed in guard cells but not in leaf epidermal or 
mesophyll cells (4) or in roots (5). AAPK is 
activated by ABA but not by darkness or ele- 
vated CO, concentrations (Fig. l), conditions 
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that also engender stomatal closure (6). We 
thus hypothesized that AAPK could be a guard 
cell-specific ABA response regulator. Here we 
report cloning of the AAPK cDNA, AAPK 
function, and manipulation of that function in 
planta. 

Guard cell protoplasts (4.8 X lo7; 99.6% 
pure) were prepared (4) from Vicia faba. Pro- 
toplast proteins were extracted and subjected to 
two-dimensional (2D) gel electrophoresis. 
AAPK was identified as a 48-kD ABA-depen- 
dent and Ca2'-independent autophosphoryla-
tion spot with the in-gel kinase assay (4, 7). The 
AAPK spot was excised and subjected to pep- 
tide sequencing by tandem mass spectrometry 
(8).Two sequenced AAPK peptides had simi- 
larity to the PKAE3Al (protein kinase ABAl) 
subfamily (9) of protein kinases in subdomains 
I and VIb. PKABAI is transcriptionally up- 
regulated by ABA (9) and PKABAl may sup- 
press gene induction by gibberellic acid during 
cereal grain germination (10). 

Degenerate primers, whose design was 
based on conserved sequences in subdomain 
I1 of the PKABAl subfamily and on the 
AAPK peptide sequence corresponding to 
protein kinase subdomain VIb, were used for 

transcri~tiOn-~O1~merasechain reac- 
tion (RT-PCR) with guard cell total RNA as 
template (11). The 3 10-base pair (bp) prod- 
uct that was generated encoded the previous- 
ly determined AAPK peptide sequences as 
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well as an amino acid sequence similar to that 
of the PKABAl subfamily from subdomains 
I1 to VIb. This product was used to screen a 
V. faba guard cell cDNA library. A full-
length cDNA of the appropriate size and 
sequence to encode AAPK was obtained. 

The deduced AAPK sequence shows great- 
est homology to the PKAE3Al subfamily (Fig. 
2). However, the predicted protein also has 
unique regions, and none of the other PKABA 1 
family members has been implicated in stoma- 
tal function. Northern analysis (12) shows that 
AAPK is expressed in guard cell protoplasts, but 
not in mesophyll cell protoplasts, flowers, 
leaves, or seeds (Fig. 3), paralleling the guard 
cell specificity previously observed for AAPK 
activity (4). Southern analysis (5) implies that 
AAPK is a single copy gene. 

Functional analysis of the AAPK gene prod- 
uct was complicated because ABA activation of 
AAPK does not occur in vitro. ABA activation 
is evident only when AAPK is extracted from 
intact guard cells previously treated with ABA 
(4), whlch presumably reflects a requirement 
for an intact cellular signaling cascade. There- 
fore, a green fluorescent protein (GFPktagged 
construct of AAPK (pAAPK-GFP) was made 
(13), expressed in guard cells (14), and shown 
to produce a kinase whose activity was up-
regulated by ABA treatment of the cells (14). 
The conserved lysine residue in subdomain I1 
of protein b a s e s  is critical for adenosine 
triphosphate (ATP) binding. Mutation of this 
residue yields kinases with reduced or absent 
catalytic activity (15). To create a comparable 
AAPK mutant, Lys43 in AAPK was mu-
tagenized to an alanine and a pAAPK(K43A)- 
GFP construct was created (13,16). The kinase 
encoded by this construct had reduced activity 
(14), as predicted. 

Next, V.faba leaves were biolistically trans- 
formed with pGFP, pAAPK-GFP, or 
pAAPK(K43A)-GFP (1 7-19). Abaxial epider- 
mal peels were isolated, and transformed guard 
cells, indicated by their green fluorescence, 
were assayed for ABA-prevention of stomatal 
opening or for stomatal closure stimulated by 
ABA, CO,, or darkness (19). The "half-aper- 
ture" of each transformed guard cell was com- 
pared with the half-aperture of the other, un- 
transformed guard cell in the pair. Transforma- 
tion with pAAPK(K43A)GFP eliminated 
ABA-induced stomatal closure (Fig. 4) (Table 
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